SUMMARY. A high-wire system, in which the plant is trained into a single stem, is gaining popularity in year-round greenhouse cucumber (Cucumis sativus) production, especially with supplemental lighting, as it allows for uniform foliar and light distribution and higher yield and quality. However, this system requires much higher plant densities than the conventional umbrella system, resulting in increased crop start-up costs. A technique for raising twin-head transplants and a twin-head ''V'' high-wire cucumber system were developed to address this issue. The twin-head transplants were raised by topping the seedlings after the appearance of the fourth true leaf and then two strong lateral shoots were allowed to develop and be trained into a ''V'' system after planting. The twin-head system achieved similar plant growth and fruit yield as the conventional single-head system on two long English seedless cucumber cultivars (Bodega and Myrthos) and two breeding lines (2005A and 24-119) tested over 2 years. The twin-head system also improved the fruit grades in 'Bodega' by increasing the percentage of fruit in medium size while reducing the percentage of fruit in small size. Because the twin-head system achieved the same fruit yield as the conventional single-head system while using only half the number of transplants, we can conclude that the twin-head ''V'' high-wire system is a more cost-effective high-wire system for year-round greenhouse cucumber production.
G reenhouse vegetable production is embracing the rapidly increasing market shares in North America (Cook and Calvin, 2005) . The industry, centered in Leamington, ON, Canada, has more than doubled in the past 10 years (Ontario Ministry of Agriculture and Food, 2005) . Following heavy investments in modern capital-intensive production facilities, improved cultivation technologies are essential for producers to realize the anticipated high productivity potential of the improved growing conditions in the greenhouse.
Greenhouse cucumbers (seedless long English type) traditionally are cultivated using an umbrella training system. With this system, young plants are trained to grow upward to an overhead wire hung at %2 m height; once these plants reach the wire, every plant is topped and two main laterals are trained to grow along the wire horizontally for %0.5 m and then hung down from the wire; the laterals are topped at %1 m below the wire, and the new laterals are continually allowed to grow in this way to form an ''umbrella'' canopy (Ontario Ministry of Agriculture and Food, 2005; Papadopoulos, 1994) . Since the leaves are intensively distributed around the overhead wire, they prevent the penetration of light into the lower crop canopy. While the upper leaves above the wire may experience light saturation, the lower leaves are usually below light compensation point. Heavily shaded lower leaves do not contribute significantly to fruit production (Hovi et al., 2004) , and the quality of the fruit inside the crop canopy also suffers due to poor fruit color. The umbrella system tends to have a large fluctuation in fruit production with poor fruit quality (Papadopoulos, 1994) .
Cucumbers harvested from the upper canopy generally have longer shelf life than those from the lower canopy (Lin and Ehret, 1991) . Improved light penetration into the canopy promotes chlorophyll formation and cucumber skin's chlorophyll content at harvest, which positively correlates with the shelf life (Lin and Jolliffe, 1996) . Lighting or improved natural light penetration into the lower part of canopy increases cucumber fruit growth and improves the fruit quality (Adams et al., 2002; Aikman, 1989; Schapendonk and Brouver, 1984) ; such improved light penetration into the lower crop canopy may be achieved by improving the crop training system (Klieber and Lin, 1993) .
In the high-wire training system, the plant is trained on a vertical string or wire with a clip system. Only the main stem (shoot) is allowed to grow and all the laterals/suckers are removed. Once the plant reaches the overhead support wire, the bottom leaves are removed and the plant is lowered. This training system allows much more uniform leaf distribution and better light penetration into the canopy, and thus promises more stable fruit production with high quality. To prevent the fruit from touching the ground, the high-wire system is preferably used in conjunction with the raised-trough system (Ontario We thank Nick DiMenna, Jingming Zheng, and Pascal Brouwers for their technical support.
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Ministry of Agriculture and Food, 2005) . The raised-trough system also facilitates nutrient solution recycling, air circulation in the lower crop canopy, and fruit harvesting. The high-wire system on raised-troughs is gaining popularity in commercial greenhouse cucumber production, especially for year-round production with supplemental lighting (Hendriks, 1992; Hovi et al., 2004) . Because the system originally allowed for only one stem per plant, much higher plant densities [2.2 to 4 plants/m 2 (Hao et al., 2009) ] were needed to achieve high yield, in comparison with the conventional umbrella system [1.4 to 1.8 plants/m 2 (Ontario Ministry of Agriculture and Food, 2005) ]. This inadvertently has resulted in higher crop start-up costs. The cost of greenhouse seedless cucumber transplants is very high [Canadian dollar (C$) 1.5/ transplant in the winter and C$1.3/ transplant in the summer (L. Wilson, personal communication)]. Therefore, we conducted a research project to develop a twin-head ''V'' high-wire system on raised-troughs to reduce crop start-up costs. This article reports on the plant growth and fruit production performance of this twin-head ''V'' high-wire system, as compared with the conventional single-head high-wire cucumber system.
Materials and methods
The experiments were conducted in three identical greenhouse compartments (7.5 m long · 7.2 m wide · 4 m gutter height; south-north orientation) over two growing seasons (May to Oct. 2005 and Mar. to Aug. 2006) at the Greenhouse and Processing Crops Research Center, Agriculture and Agri-Food Canada, Harrow, ON, Canada (lat. 42°N). The cucumber plants in half of the area in each compartment were grown with twinhead ''V'' high-wire system, whereas the other half of each compartment was used for growing cucumber plants with the conventional single-head high-wire system (Fig. 1) . Therefore, each greenhouse compartment provided a complete replication (block) of the two treatments (systems). Four long English cucumber cultivars or breeding lines ('Bodega', 2005A, and 24-119 grown in 2005; 'Myrthos' grown in 2006) were used in the experiments.
Several protocols for raising twinhead transplants were evaluated before conducting the greenhouse experiments. It was found that the best protocol to obtain maximum transplant growth and balanced growth of two laterals was to top the seedlings after the appearance of the fourth true leaf. To raise twin-head transplants, one seed was directly seeded in a rockwool block (10 · 10 · 7.5 cm; PargroÒ, Orllia, ON, Canada) at %4 weeks before the anticipated date for planting into the greenhouse. The transplants were topped at the first appearance of the fourth true leaf. All suckers/lateral shoots in the four nodes were allowed to develop. When the largest sucker/ lateral shoot reached %5-7 cm in length (Fig. 2) , the transplants were ready for planting into the greenhouse; suckers that are too large (>10 cm) will make the transport of the transplants difficult. The twin-head transplants need to be seeded 3 d (in the summer) to 4 d (in the winter) earlier than the conventional single-head transplants to achieve the same transplant size at the time of planting into the greenhouse because of the delay in growth caused by the topping. The transplants were raised on benches and flood irrigated using a Harrow Fertigation Manager (Papadopoulos and Liburdi, 1989) according to the standard nutrient recommendations (Ontario Ministry of Agriculture and Food, 2005) . The conventional single-head transplants were raised in the same way as the twin-head transplants except that the main shoot was not topped and all lateral suckers/shoots were removed.
On 5 May 2005 or on 13 Apr. 2006, the twin-head and single-head Fig. 1 . Set-up of the conventional single-head high-wire and twin-head ''V'' high-wire cucumber production systems on the raised troughs. 1 m = 3.2808 ft.
transplants were planted onto the rockwool slabs (50 · 20 · 10 cm; GrodanÒ, Milton, ON, Canada) laid on top of the raised troughs hung at 65 cm above the ground in the three greenhouse compartments (Fig. 1) . Twenty-four slabs were used in each compartment, which were placed on four raised troughs, with each trough having six slabs. The two side troughs served as guard rows. Each of the twinhead and the conventional single-head system occupied a center row and an adjacent guard row. Four twin-head or eight single-head transplants were placed onto each rockwool slab in the center row, which had a plant density Four days after planting, the two weakest lateral shoots (usually the shoot from the first and fourth nodes) were removed from the transplants of the twin-head system, whereas the two remaining shoots were trained to grow upwards along the vertical strings in a ''V'' shape ( Fig. 3 ). All subsequent suckers/lateral shoots from each of the two shoots (stems) were removed. For the conventional single-head system, only the main shoot (stem) was allowed to grow along the vertical string and all the suckers were removed. This method resulted in an equal stem/shoot density for the twin-head and the single-head systems (4 stems/m 2 ). The stems/shoots were first lowered when they were %1 m in length while they were still flexible and then as required (one to two times per week, depending on plant growth) to keep them below the overhead wires (at 3.2 m high) (Fig. 1 ). All plants were drip-irrigated according to standard nutrient recommendations (Ontario Ministry of Agriculture and Food, 2005) ; to avoid nutrient imbalances in the rockwool slabs, 20% to 30% extra nutrient solution was applied. The greenhouse ventilation temperature and heating temperature were controlled by an Argus climate control computer according to blue-print recommendations by the Ontario Ministry of Agriculture and Food (2005) . Greenhouse carbon dioxide (CO 2 ) was enriched to 1000 mLÁL -1 when the greenhouses were not ventilated or to 400 mLÁL -1 when they were ventilated, with a central supply of liquid CO 2 .
FRUIT HARVEST AND GRADING. Fruit harvest was started on 2 June and completed on 14 Oct. in 2005, while it was started on 12 May and completed on 18 Aug. in 2006. Fruit was harvested two to three times per week and was graded according to the commercial grading standards (Ontario Ministry of Agriculture, Food and Rural Affairs, 2004) . The Canada no. 1 fruit consists of the small, medium, large, and extra large fruit, each with a minimum diameter of 41 mm, no visible defects, and a length of 280-317 mm (small), 317-368 mm (medium), 368-419 mm (large), and over 419 mm (extra large). Grade no. 2 fruit is a fruit with visible defects (such as large curviness) or less than 41 mm in diameter, but is still marketable.
GROWTH MEASUREMENTS. Plant growth parameters were measured three times in each year (6 July, 3 Aug., and 31 Aug. in 2005 and 10 May, 21 June, and 18 July in 2006). Four plants or stems from each cultivar under either the single or the twinhead system in each compartment were measured. The length, width, and chlorophyll readings (SPAD 502; Minota, Osaka, Japan) of the fifth and 10th fully expanded leaf were recorded. Leaf area and leaf chlorophyll content were calculated according to the empirical equations developed by Hao and Papadopoulos (1999) .
STATISTICAL ANALYSIS. Analysis of variance (ANOVA) was conducted with . y Single-head high-wire system or twin-head ''V'' high-wire system. NS, *Nonsignificant or significant at P £ 0.05, respectively. the general linear model procedure of SAS (version 9.0; SAS Institute, Cary, NC). Two-way (head system and cultivars) ANOVA on the 2005 data and one-way (head system only) ANOVA on the 2006 data, both with three replications (greenhouse), were performed. Separate ANOVA was conducted on plant growth parameters for each measurement date. When a main treatment (head systems or cultivars) effect was significant (P £ 0.05), a least significant difference t test was used to separate the treatment means.
Results
PLANT GROWTH. Out of the five plant growth parameters (plant height, leaf area, and chlorophyll contents of the fifth and 10th fully expanded leaves) evaluated on three dates in 2005, the head systems had significant effects only on the size of the fifth leaf and the chlorophyll content of the 10th leaf in the first measurement [on 6 July (Table 1) ]; the size of the fifth leaf in 'Bodega' with the twinhead system was %14% smaller than that with the single-head system, whereas the chlorophyll content of the 10th leaf in 24-119 with twinhead system was 8% higher than that with the single-head system (Table 2) . In 2006, of the five plant growth parameters evaluated on three dates, the head systems had significant effect only on the size of the 10th leaf in the first measurement (10 May, Table 1 ); the leaf area of the 10th leaf with the twin-head system was 16% larger than that with single-head system (Table 3) . Cultivars also had little effects on plant growth parameters in 2005 (Table 1) . Of the five plant growth parameters evaluated on three dates in 2005, the cultivars only affected the chlorophyll content of the 10th fully expanded leaf measured on 31 Aug. 2005 (Table 1) ; the chlorophyll content of the 10th leaf in 24-119 was 13% lower than that in 2005A (Table 2 ). There was no interaction between the cultivars and the head systems on the plant growth parameters (Table 1) .
FRUIT YIELD AND GRADES. The head systems did not affect the total and marketable fruit yield (expressed as number; long English cucumbers are sold by the number in North American market), fruit weight, fruit size, and percentages of grade no. 1 and no. 2 fruits (Tables 4 and 5 ), but they did change the distribution of Values followed by different letters (a and b) in a column within the same cultivar or breeding line are significantly different (P £ 0.05) as determined by least significant difference (LSD) tests; there is no significant difference (P > 0.05) between the values when they are not followed by any letters. w Cultivar or breeding line means followed by different letters (A and B) in 2005 indicate a significant (P £ 0.05) difference as determined by LSD tests; there is no significant difference (P > 0.05) between the cultivar or breeding line means when they are not followed by any letters.
grade no.1 fruit between the medium and small category in 2005 (Tables 6  and 7 ). The twin-head system produced a higher percentage of medium but lower percentage of small fruit than the single-head system in 'Bodega' (Table 7) . The three cultivars or breeding lines in 2005 produced similar total and marketable fruit weight (Tables 4 and 5), which indicated that they had similar biological yield potential. However, they had significant difference on fruit number, size, and fruit distribution across different fruit grades (Tables 4-7) . Breeding line 2005A produced the highest number of total and marketable fruit but with the smallest fruit size among the three cultivars or breeding lines (Table 5) .
'Bodega' produced the least number of fruit but with the largest fruit size. 'Bodega' also had the highest percentage of no. 1 fruit (top fruit grade) and the lowest percentage of no. 2 fruit (inferior fruit). Because of its larger fruit size, it also had the lowest percentage of small fruit and the highest percentage of large and medium fruits (Table 7) . Breeding line 2005A had the smallest fruit size and higher percentage of small fruit, and hence, had the worst fruit grades among the three cultivars/breeding lines in 2005.
Discussion
One of the key considerations for a successful intensive crop production is to maximize outputs while minimizing inputs. The high-wire system has the potential for stable and high production of greenhouse cucumbers but requires high number of transplants, resulting in higher crop startup costs. The cost for long English cucumber transplants is high [C$1.5/ transplant in the winter and C$1.3/ transplant in the summer (L. Wilson, personal communication)]. To reduce the crop start-up costs, we developed a twin-head ''V'' high-wire cucumber production system. This study was conducted to compare the crop performance of greenhouse cucumbers grown with the twin-head system and the conventional single-head highwire system.
In the 2 years of experiments with four cultivars/breeding lines, the plant growth and fruit yield of the twin-head system were similar to those of the conventional single-head system except for some minor difference on a few growth parameters in the early growth stage after planting (Tables 1-5 ). The smaller fifth leaf in 'Bodega' (2005) and the larger 10th leaf in 'Myrthos' (2006) with twin-head system in the first measurement (Tables 2  and 3 ) might be due to the difference in the growth habits between the cultivars to generate suckers/laterals. There was little difference in plant growth between the two systems. The twin-head system had a higher percentage of medium fruit but a lower percentage of small fruit than did the single-head system in 'Bodega' (Table  7) . In case of long English cucumbers, the large-and medium-sized cucumbers are sold at much higher price than the small-sized cucumbers. Therefore, the twin-head system can achieve , 1 g = 0.0353 oz. x Percentage of fruit number over marketable fruit number. Grade no. 1 fruit is fruit with no visible defects, a minimum diameter of 41 mm (1.61 inches), and a length more than 280 mm (11.02 inches); grade no. 2 fruit is fruit with visible defects (such as large curviness) or less than 41 mm in diameter, but is still marketable. NS , *Nonsignificant or significant at P £ 0.05, respectively. better fruit grade than the conventional single-head system in some cultivars, such as Bodega.
It was observed during our greenhouse experiments that the twin-head transplants were less vulnerable to stem breakage during the initial plantlowering operation because their two laterals leaned to the side (at %30°to 60°a ngle to the direction of plant lowering) instead of being vertical (perpendicular to the direction of plant lowering) as were the case of the single-head transplants. As a result, fewer plant stems broke in the twin-head system than in the conventional single-head system. By the end of the greenhouse experiment in 2005, 18.7% of original stems were broken in the conventional single-head system, whereas 11.3% (7.4% less than the single-head) of original stems were broken in the twin-head system. These broken plants were eliminated from the greenhouse trials and their yield was not used in our yield calculation (fruit yield in each plot was first divided by plot stem number before any data analysis to remove the influence of stem breakage) because the incidence of stem damage is also strongly depended on the skill of the worker performing the operation. In our greenhouse experiments, the nonbroken plants with the twin-head system achieved the same yield as did the singlehead system. With more breakage in the conventional single-head system, the twin-head system could achieve higher fruit yield per unit of growing area than the single-head system in commercial production, depending on the skill of greenhouse workers on lowering the plants.
The set-up of the twin-head and the conventional single-head highwire system is identical except that the two transplants in the single-head system are replaced with one twin-head transplant (Fig. 1) . Therefore, the input costs of twin-head ''V'' high-wire production system are the same as the conventional single-head high-wire system except for the transplant cost. The cost of single-head long English (seedless) cucumber transplant is about C$1.5 in winter and C$1.3 in summer (L. Wilson, personal communication); the difference in the costs between winter and summer is due to the difference in the duration for raising cucumber transplants (4 to 5 weeks Single or twin-head ''V'' high-wire system. y Percentage of fruit number over total grade no. 1 fruit number; grade no. 1 fruit consists of the small, medium, large, and extra large fruit, each with a minimum diameter of 41 mm (1.61 inches), no visible defects, and a length of 280-317, 317-368, 368-419, and >419 mm (11.02-12.48, 12.48-14.49, 14.49-16.50 , and >16.50 inches), respectively, for small, medium, large, and extra large fruit. NS, *Nonsignificant or significant at P £ 0.05, respectively. in the winter vs. 2 to 3 weeks in the summer) and no heating cost in summer. The material cost and transportation cost for single-head and twin-head transplants are the same (Table 8) (Table 8) . Therefore, the input costs for each twin-head transplant are only %3% higher than those for the single-head transplant. Since the twin-head system used only half the number of transplants of the conventional single-head system, its transplant cost was reduced by almost half.
In conclusion, the twin-head ''V'' high-wire cucumber system can achieve the same fruit yield as the conventional single-head system and can also achieve better fruit grades in some cultivars, such as Bodega, while it reduces the transplant cost by almost half. Therefore, the twin-head ''V'' high-wire cucumber system is a more cost-effective 280-317, 317-368, 368-419, and >419 mm (11.02-12.48, 12.48-14.49, 14.49-16.50 , and >16.50 inches), respectively, for small, medium, large, and extra large fruit.
x Values followed by different letters (a and b) in a column within the same cultivar or breeding line are significantly different (P £ 0.05) as determined by least significant difference (LSD) tests; there is no significant difference (P > 0.05) between the values when they are not followed by any letters. w Cultivar or breeding line means followed by different letters (A and B) in 2005 indicate a significant (P £ 0.05) cultivar difference as determined by LSD tests; there is no significant difference (P > 0.05) between the cultivar or breeding line means when they are not followed by any letters. Agriculture and Food, 2005) ; 30 and 18 d are used for raising single-head cucumber transplants in the winter and summer, respectively; 34 and 21 d are used for raising twin-head cucumber transplants in the winter and summer, respectively. y Estimation based on the data collected at the Greenhouse and Processing Crops Research Center, Agriculture and Agri-Food Canada, Harrow, ON, Canada, and confirmed by an anonymous source in commercial transplant production. • December 2010 20(6)
